Abstract. Magnetic relaxation measurements at different temperatures below the blocking temperature were performed on Mn 12 -acetate in fields corresponding to the first (zero) resonance. Three temperature regimes could be identified: Below 2.0 K (2.3 K) a square root time dependence is present, indicating thermally assisted tunneling. Up to 2.1 K (2.6 K) pure exponential behavior is found, typical for thermally activated tunneling. Just below T B a new regime with strongly non exponential behavior could be identified. Mn 12 -acetate is the archetypical molecular magnet for investigation of quantum tunneling. It consists of weakly interacting Mn 12 clusters with high spin (S = 10) and strong uniaxial anisotropy. Therefore in first approximation only one energy barrier exists which allows a detailed study of the interplay between thermal and quantum relaxation. In this paper we report on measurements of relaxations at different temperatures below the blocking temperature T B at the first resonance field (-0.46 T) and near to the zeroth resonance field (-0.1 T). Measurements were performed in a SQUID magnetometer on a single crystal after saturation of the sample at 3 T at the measuring temperature.
Mn 12 -acetate is the archetypical molecular magnet for investigation of quantum tunneling. It consists of weakly interacting Mn 12 clusters with high spin (S = 10) and strong uniaxial anisotropy. Therefore in first approximation only one energy barrier exists which allows a detailed study of the interplay between thermal and quantum relaxation. In this paper we report on measurements of relaxations at different temperatures below the blocking temperature T B at the first resonance field (-0.46 T) and near to the zeroth resonance field (-0.1 T). Measurements were performed in a SQUID magnetometer on a single crystal after saturation of the sample at 3 T at the measuring temperature.
Below T B the change of magnetization ∆M with time at the resonance field is caused both by thermal activation (∆M TA ) and quantum tunneling (∆M QT ). Both processes have different temperature dependences. In case of thermal activation the relaxation time is governed by the Arrhenius law τ = τ 0 exp(∆E/kT) which leads to a monotonic decrease of τ with temperature T. Therefore, the magnetization increases with T according to a simple Debye process ∆M TA = ∆M 0 exp(-t/τ). Here ∆M = M(t) -M eq and ∆M 0 = M(t 0 ) -M eq , with t 0 the starting time of the relaxation. The equilibrium magnetization M eq is determined by M eq = M s tanh(gµ B HS/kT) with g the Landé factor, H the applied field, and S the total spin. Following [1] , for g a value of 1.94 was used. The temperature dependence of the change in magnetization with time according to quantum tunneling (∆M QT ) is visible in the change of the slope of the hysteresis loop recorded with constant sweep rate at resonance field ( Fig. 1 ). The steepness is highest at 2.65 K, whereas it decreases both for higher and lower temperatures. Because the area below the peaks correspond to the change in M, ∆M QT shows a maximum at 2.65 K and consequently τ, if determined by assuming pure thermal activation, is minimal at this T value. In combining both effects a deviation of the 1/T character of lnτ to a less strong T dependence is expected at temperatures below the onset of quantum tunneling. Therefore the relaxation curves were analysed by an exponential law to determine τ. In Fig. 2a the analysis in terms of an exponential time dependence is shown for the first resonance. A reasonable fit is possible only for T < 2.2 K. Small deviations are present at times below 500 s. For higher T strongly non exponential behavior is present (inset Fig.2a) . The change to non exponential behavior is also present for zero resonance for T > 2.6 K. The temperature dependence of the τ-values obtained is given in Fig. 3 in comparison with the expected behavior in case of pure exponential decay. Deviation from the lnτ vs. 1/T behavior is found below 2.0 K (2.3 K) for µ 0 H = -0.46 T (-0.1 T). These temperatures are much lower than the blocking temperatures (T B = 3.24 K and 3.48 K obtained from M vs T measurements for the respective fields), which defines the onset of quantum tunneling. According to theory near to T B the tunneling rate is much higher than the thermally activated rate. Relaxation is governed by thermal activation via a barrier, which is 'short-circuited' by quantum tunneling. Therefore in this thermally activated tunneling regime exponential behavior is expected with a reduced effective barrier height. At lower T, where the tunneling rate becomes comparable to the thermal activated one, the time dependence is influenced by the tunneling, thus deviating from pure exponential behavior. In this thermally assisted tunneling regime a stretched exponential
[3] time dependence is reported. A square root law is proposed by theory, by taking into account dynamic nuclear spin and dipolar interactions [4] . An analysis by such square root dependence fits the relaxation curves best (in full time range) below 2.0 K for -0.46 T (Fig. 2b ) and 2.3 K for -0.1 T. The crossover from square root to exponential behavior with increasing time as reported by [5] , could not be confirmed in this study. From the temperatures, where pure exponential relaxation appears, values for τ 0 of 1⋅10 -7 s and 2⋅10 -6 s are derived for the higher and the lower field, respectively. Surprisingly the exponential behavior is lost at temperatures near to T B (above 2.6 K and 2.1 K for measurements in zero and first resonance). Up to now no explanation for this behavior can be given.
To summarize, in the temperature dependence of the relaxation measurements on Mn 12 -acetate both in the zero and first resonance, three regimes could be identified. At lowest temperatures a square root behavior is found, characteristic of thermally assisted tunneling. Above 1.9 K (2.2 K) pure exponential relaxation is present, characteristic for thermally activated tunneling. Near to T B the relaxation becomes strongly non exponential. 
